Micro-electro-mechanical systems, MEMS, is a rapidly growing interdisciplinary technology within the general field of Micro-Systems
EXPERIMENTAL
The experimental set-up is illustrated in Fig. 1 . The test surfaces form a thrust bearing between the appropriately profiled upper end of a vertical rotating shaft and a matching 'dimple' in a small circular disc which sits within a symmetrical 'top hat' supported by the shaft. The mass of the top-hat provides the load on the test bearing and its rotational speed is monitored by a non-contact probe. The apparatus sits within a chamber which can be evacuated so that the only torque acting to accelerate or decelerate the top-hat arises from friction within the test thrust bearing. Initially this has been set up as a sphere of radius ca. 1 mm within a spherical dimple with a slightly greater radius.
Fig. 1 CUED Micro-tribometer capable of generating contact conditions very similar to those within MEMS devices.
With different top-hats and shaft tips it is possible by varying the nature of the bearing geometry to generate effective maximum contact pressures from a few MPa to over 1 GPa. Thus the microwear rig has the potential, with appropriate contact geometries, to cover conditions pretty well anywhere in the PV map shown as Fig. 2 . Conditions which can be achieved with spherical point contacts, conical ring contacts and annular flat contacts are indicated.
In principle, measuring the friction in this device is very straightforward. If the shaft is accelerated up to some speed and then the motor stopped, the top-hat decelerates at a constant rate given by the frictional torque divided by its polar moment of inertia -which is known. The geometry of the contact (ball in cup, ball in cone or whatever) provides the effective radius at which friction acts and thus the coefficient of friction between the two surfaces concerned can be calculated.
To generate wear requires some slip between the driving and the driven surfaces of the bearing. This can be achieved by cycling the motor speed and counting the number of 'slip revolutions' that occur during each phase of acceleration and deceleration. However, a neater method is to provide some retarding torque on the top-hat so that a steady-state is reached with the shaft rotating at one speed and the specimen moving relative to it at some fixed slip speed. At low torques this can be achieved by using the rim of the hat as the disc in an eddy-current disc brake. A set of high intensity small ceramic magnets is mounted in an annular ring whose displacement relative to the top-hat can be adjusted so varying the retarding torque. . DLC is a particularly attractive material for MEMS applications as running against itself in a self-mated combination or against a variety of counterface materials, combinations of very low coefficients of friction and wear rates have been observed (Erdemir 2000) . However, the values of both friction and wear are dependent on not only the nature of the DLC -in particular the balance between sp 3 (diamond) and sp 2 (graphite) phase and the hydrogen contained within the film but also on the topography of the rubbing surfaces and the relative humidity of the environment in which they operate (Robertson 2002) . Figure 3 illustrates some initial results obtained with DLC films ca. 80 nm in thickness, with a relatively high sp 3 content in excess of 80%. In this case the surfaces were relatively rough (rms ~0.5 µm) and the geometry was one of an annular ring contacts of mean diameter 3 mm. The sliding speed was ca. 30 mm/s and the mean pressure 0.28 MPa.
Fig. 3
Initial COFs measured between annular contacting surfaces.
After slipping for between 60,000 and 100,000 revolutions, the mean wear rates in these tests varied between 3.2 and 25.1¥10 
